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Abstract 

Purpose Nowadays, the intensive use of natural resources in 
order to satisfy the increasing energy demand suggests a threat 
to the implementation of the principles of sustainable devel¬ 
opment. The present study attempts to approach thermody¬ 
namically the depletion of natural resources in the methodo¬ 
logical framework and the principles of life cycle assessment 
(LCA). 

Methods An environmental decision support tool is studied, 
the exergetic life cycle assessment (ELCA). It arises from the 
convergence of the LCA and exergy analysis (EA) methodol¬ 
ogies and attempts to identify the exergetic parameters that are 
related to the life cycle of the examined system or process. The 
ELCA methodology, beside the fact that it locates the system 
parts which involve greater exergy losses, examines the de¬ 
pletion of natural resources (biotic and abiotic) and the sus¬ 
tainable prospective of the examined system or process, under 
the scope of exergy. In order to obtain concrete results, the 
ELCA methodology is applied to a large-scale, grid- 
connected, photovoltaic (PV) system with energy storage that 
is designed to entirely electrify the Greek island of Nisyros. 
Results and discussion Four discerned cases were studied that 
reflect the present state and the future development of the PV 
technology. The exergy flows and balance for the life cycle of 
the PV system, as they were formed in the ELCA study, 
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showed that the incoming exergy (solar radiation, energy 
sources, and materials) is not efficiently utilized. The greater 
exergy losses appear at the stage of the operation of the PV 
installation. Due to the fact that contribution of the renewable 
exergy (solar radiation) to the formation of the total incoming 
exergy of Life Cycle is significant, it emerges that satisfaction 
of electric power needs with a PV system appears to be 
exergetic sustainable. The increase of the Life Cycle exergetic 
efficiency supported by the future technological scenario in 
contrast to present scenarios emerges from the increased elec¬ 
tricity output of the PV system. Consequently, the increased 
exergetic efficiency involves decreased irreversibility (exergy 
losses) of the PV system’s life cycle. 

Conclusions The application of ELCA in electricity produc¬ 
tion technologies exceeds the proven sustainable prospective 
of the PV systems; however, it aims to show the essence of the 
application of ELCA methodology in the environmental de¬ 
cision making process. ELCA can be a useful tool for the 
support and formation of the environmental decision making 
that can illustrate in terms of exergetic sustainability the 
examined energy system or process. 

Keywords Exergetic efficiency • Exergetic life cycle 
assessment • Poly-silicon Photovoltaic system 

1 Introduction 

During the previous decades, the world energy demand has 
shown a rapid increase. Energy consumption is projected to 
keep growing by 56 % between 2010 and 2040 reaching a 
total consumption in various forms of energy of 820 quadril¬ 
lion BTU in 2040 (Energy Information Administration 2013; 
Wolfram et al. 2012). Most of the growth in energy consump¬ 
tion will occur in the developing world, with a forecasted 
increase of 90 %, in contrast to a small increase of 17 % in 
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the developed world by 2040 (Energy Information 
Administration 2013). In every part of the world, economic 
growth is strongly related to secure and sufficient energy 
reserves (Kruyt et al. 2009). Due to their relatively low cost, 
fossil fuels have been extensively used in order to satisfy the 
increasing energy demand (Lior 2008; Asif and Muneer 
2007). However, existing energy production technologies 
and corresponding applied energy policies accelerate the deg¬ 
radation of the natural environment (Omer 2008). More spe¬ 
cifically, processes that are related to energy production, from 
stage of raw material extraction to that of providing energy 
services, cause impacts on human health and ecosystems (von 
Blottnitz and Curran 2007; Vitousek et al. 1997). 
Consequently, the future energy policy should aim for the 
preservation of the natural resources (natural capital) and the 
minimization of the environmental impacts caused by human 
activities (Glavic and Lukman 2007; Omer 2008). The main 
objective should be the implementation of practices and pol¬ 
icies that render in the long-term the global energy balance 
economically, socially, and environmentally sustainable 
(Midilli et al. 2006; Doran 2002). 

Sustainable development is defined as the development 
that meets the needs of the present without compromising 
the ability of future generations to meet their own needs, thus 
integrating economic, environmental, and social imperatives 
in a balanced way (Van Marrewijk 2003; Dahlsrud 2008; 
Dincer 2000; Struble and Godfrey 2004). The use of natural 
resources for satisfying energy demands is responsible for 
several environmental impacts (Mont 2002; Hinterberger 
et al. 1997). The essence of sustainable development incorpo¬ 
rates in the long-term environmental parameters into the for¬ 
mation of energy policy (Boulanger and Brechet 2005). For 
the last 20 years, the European Union has put in use various 
tools and models that led to European and international agree¬ 
ments on harmonized emission control strategies (Amann 
et al. 2011). The Regional Air Pollution Information and 
Simulation (RAINS) model has been used as the basic plat¬ 
form for the environmental negotiations in Europe, and in 
specific, to quantify the obligations in its 1999 Directive on 
National Emission Ceilings (Amann and Lutz 2000) as well as 
the ASAM and the MERLIN models in a supplementary 
manner (Oxley and ApSimon 2007; Reis et al. 2005). In 
2009, the Convention of Long-Range Transboundary Air 
Pollution proceeded with supporting a Europe-wide harmo¬ 
nized strategy for further mitigating greenhouse gasses in the 
atmosphere. This has been attempted through the GAINS 
model that helps focusing environmental strategies on issues 
such as desired levels of environmental quality and the will¬ 
ingness to support financially the relevant goals set by policy 
makers (Amann et al. 2011). Apart from those models, 
some other methods have also appeared such as life 
cycle assessment that is a standardized methodology provided 
by the International Standardization Organization (ISO 


14040-14043). The latter evaluates the environmental im¬ 
pacts of a product (good or service) during its entire life cycle 
based on mass and energy conservation, based on the first law 
of thermodynamics (Balocco et al. 2004). Then, the second 
law of thermodynamics induced the notion of exergy that led 
to exergy analysis (EA) (Sciubba and Ulgiati 2005; Beccali 
et al. 2003). Consequently, exergetic life cycle analysis 
(ELCA) emerged as an enhancement of the methodologies 
associated with the first and second laws of thermodynamics. 
It has been demonstrated as a method for quantifying the 
depletion of natural resources in the LCA and as a valuable 
tool for assessing the efficiency of natural resources usage 
(Comelissen and Hirs 2002). 

The quantity and the scale of the environmental burdens 
caused by energy exploitation and generation are strongly 
connected to the efficiency of the applied technologies 
(Dicorato et al. 2008). Consequently, increased efficiency of 
energy processes involved in the life cycle of a product leads 
to reduced use of natural recourses, environmental impacts, 
and energy losses (Pepermans et al. 2005; Dincer and Rosen 
1999). Furthermore, the renewable energy sources and tech¬ 
nologies, such as photovoltaics and wind turbines, suggest a 
vital component to the sustainable development approach 
(Dovi et al. 2009). Although, use of renewable energy sources 
and technologies cannot guarantee zero environmental im¬ 
pacts, they can provide an environmentally sound alternative 
in the satisfaction of energy demand, compared to the con¬ 
ventional resources and technologies (Panwar et al. 2011; 
Sims et al. 2003; Boudghene Stambouli and Traversa 2002). 

In this context, this paper implements the ELCA method¬ 
ology to a large-scale, grid-connected, photovoltaic (PV) sys¬ 
tem with energy storage that is assumed to fully serve the 
needs of an island in electric power. 

2 Life cycle assessment 

Life cycle approach suggests one of the basic ideas for the 
implementation of sustainable development (Hertwich 2005; 
Klopffer 2003). The required support for the application and 
implementation of the life cycle approach, in the framework of 
sustainability, is provided by a group of operational methods, 
called Environmental Systems Analysis Tools (ESAT) (Hojer 
et al. 2008; Finnveden and Moberg 2005). ESAT framework 
suggests structured methods of analysis, assessment and com¬ 
munication (Kiker et al. 2005; Wrisberg et al. 2002). The 
application of ESAT provides information, which can be used 
in communication and education level, but more importantly, 
it provides the necessary framework for the environmental 
decision making process (Ness et al. 2007). 

Life cycle assessment (LCA) is one of the most important 
and comprehensive ESAT for the evaluation of the environ¬ 
mental profile and performance of a process’s, product’s, or 
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service’s life cycle (Koroneos et al. 2005a, b; Rebitzer et al. 
2004). LCA suggests an integrated and comprehensive “cra- 
dle-to-grave” approach, which examines the life cycle, from 
the acquisition of raw materials and energy production to the 
use and the final disposal phase of a product or process 
(Giljum et al. 2011; Guinee 2002; Arena et al. 2003). It 
provides the required support to the environmental decision 
making process, by making comparisons between the envi¬ 
ronmental impacts categories of the available alternatives on 
process, product, or service level (Samaras and Meisterling 
2008; Weisser 2007). 

The International Standardization Organization developed 
a series of standards to describe a consistent and robust meth¬ 
odology for LCA implementation, as part of the ISO 14000 
series on environmental management (Georgakellos 2012). 
LCA studies have four main elements, which are described 
in ISO 14040 (ISO 2006) as follows: 

1. Goal and scope definition, which serves to define the 
extent and purpose of the study and describe the product 
or process examined. Moreover, the context of the study, 
system boundaries, and environmental effects to be 
reviewed are established. 

2. Inventory analysis or LCI, which consists in the collection 
and analysis of the energy inputs-outputs, material con¬ 
sumption, and environmental burdens (i.e., air emissions, 
solid waste, water discharges, etc.), are identified and 
quantified. 

3. Impact Assessment, which supports evaluation of the 
magnitude and significance of potential impacts of a 
system on human and ecosystem. From a practical view¬ 
point, impact assessment organizes LCI inputs and out¬ 
puts into specific impact categories and creates an indica¬ 
tor based on the results of these impacts. 

4. Interpretation, which is the final stage of evaluating in¬ 
ventory analysis and impact assessment which draws 
conclusions and provides recommendations for environ¬ 
mental improvements (International Organization for 
Standardization 2006; Ardente et al 2005; Beccali et al. 
2003). It takes into consideration the uncertainties and the 
assumptions made during the previous stages of the study. 


3 Exergy analysis 

Exergy is defined as the maximum attainable work which can 
be produced by a system, matter, or energy flow, as it comes in 
thermodynamic equilibrium with the reference environment, 
through sequential reversible processes (Koroneos et al. 2003; 
Szargut et al. 1998). Exergy reflects a system’s or flow’s 
measure of potential to cause a change as a consequence of 
not being completely in stable equilibrium with the reference 


environment (Rosen et al. 2008; Dincer and Cengel 2001). 
The methodology of exergy analysis (EA) is based on the 
principle of energy preservation (first thermodynamic law) 
and in conjunction with the principle of entropy destruction 
(second thermodynamic law) attempts to analyze, design, and 
optimize energy systems (Granovskii et al. 2008; Rosen and 
Dincer 2001). EA reveals the parts of a system where the 
available work, embodied in natural resources, is not efficient¬ 
ly utilized or, in other words, where efficiency gains can be 
found (Rosen et al. 2008; Comelissen 1997). According to the 
second thermodynamic law, in all irreversible processes, the 
entropy of the adiabatic system is increased. The irreversibil¬ 
ity (I) of a process is related to the produced entropy (As) by 
the following equation (Pauluis and Held 2002): 

/ = r 0 x5> (l) 

where T () is the temperature of the reference environment. 
Consequently, the EA results are determined by the assigned 
reference environment. 

The irreversibility or exergy losses can be also calculated 
from the exergy balance by subtracting the outcoming from 
the incoming exergy flows (Lior and Zhang 2007; Comelissen 
1997): 

i = Y j ae x = y j e, j ( 2 ) 

in out 


where E x / is the exergy content of the incoming flow /, and 
E x j is the exergy content of the outcoming flow j. 

Consequently, the exergetic efficiency (^exergetic) of a sys¬ 
tem can be calculated based on the exergy flows in the exergy 
balance (Hammond and Stapleton 2001; Gong and Wall 
1997): 


^exergetic 


Ex out -Ex waste 


Ex 


111 


Ex pr 

Ex in 



where E x in is the total incoming exergy flow of the system, 
E x out is the outcoming exergy flow, E x waste is the exergy 
flow wasted in the environment, and E x pr the exergy flow that 
is produced by the system. 

EA results can be presented in exergy flow diagrams or, so 
called, Sankey diagrams (Mateos-Espejel et al. 2011; 
Koroneos et al. 2005a, b). An exergy flow diagram forms a 
useful tool that illustrates inflows, outflows, and the amount of 
exergy consumed within boundaries of the system or process 
under consideration (Hepbasli 2008). 


4 Exergetic life cycle assessment 

EA within methodological framework of LCA can indicate the 
depletion of natural resources or define exergy losses in the 
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stage of improvement assessment (Jeswani et al. 2010; 
Finnveden and Ostlund 1997). In the characterization phase 
of impact assessment (LCA), scientifically established char¬ 
acterization factors can be used to convert and combine in¬ 
ventory analysis results into representative impact indicators 
in fields of human health, health of the ecosystem, and natural 
resources (Hutchins and Sutherland 2008). The contribution 
(Q of an inflow or an outflow can be calculated (Finnvenden 
and Ostlund 1997) as follows: 

Cij = Qij X M, (4) 

where Qy is the characterization weighting factor of the flow i 
for the impact category (or subcategory) y, and M t is the 
incoming or outcoming flow i for the impact category 
(subcategory) j. 

Exergy consumption can be used as a characterization 
factor for abiotic reserves and flows of natural resources, but 
it can also be used to describe the competition of biotic 
resources. In LCA, the inflows should be the natural resources 
as they are originally acquired from the environment. 
Specification of weighting factor characterization defines the 
exergetic contribution (exergy content) of inflows and out¬ 
flows, in terms of chemical exergy for each substance (either 
raw material or emission) (Bastianoni et al. 2005; Finnveden 
and Ostlund 1997): 

E x ch,« — "f ^ ^ X/ X £? x c h,n,i ( 5 ) 


where E x C h, n is a chemical exergy of chemical compound n in 
[KJ ex /mol], A Gf is the Gibbs free energy of formation of 
chemical compound n , expressed in [KJ ex /mol], x t is the mole 
fraction of the i substance of compound n in kilomole (kmol), 
and e x C h , n ,i is the chemical exergy in reference state of i 
substance of compound n. 

Existing available data in literature on the exergy content of 
abiotic deposits, both for exergy content of ores and fossil 
fuels deposits, are particularly helpful for characterizing 
weighting factors Qy , (Liao et al. 2012). EA can be applied 
to the inventory analysis stage of LCA or to the characteriza¬ 
tion phase of the Life Cycle Impact Assessment (Mirandola 
et al. 2010). In the first case, exergy can be used in character¬ 
ization by summing up the inflow’s exergy content without 
assigning weighting factors (Finnvenden and Ostlund 1997). 
In the previously mentioned case, it must be clearly stated that 
exergy consumption is not able to describe the impacts of the 
depletion of natural resources to their full extent (Steen 2006). 
In the latter case, the characterization weighting factors are 
used to express the exergy content per incoming quantity 
(Sciubba 2012). 

The methodological framework of ELCA is similar to that 
of LCA (Talens Peiro et al. 2010). Definitions of goal and 


scope in both ELCA and LCA tools are identical, but the 
inventory analysis of ELCA is much more comprehensive 
and appropriate, even at an early design stage (Medyna et al. 
2009). An ELCA study in an advanced development stage still 
requires a detailed inventory of the mass and energy flows 
within boundaries set for the system examined (Lombardi 
2003). 

ELCA examines the impacts that arise from the consump¬ 
tion of natural resources under the scope of exergy, in the 
methodological framework of LCA (Comelissen and Hirs 
2002). Moreover, EA detects where the exergy losses take 
place and by the improvement assessment allows the evalua¬ 
tion of the alternatives in order to minimize the irreversibility 
of the examined product’s or processes’ life cycle (Belhani 
et al. 2008). Thus, ELCA serves as a measure of energy and 
material resource depletion as well as a measure of the tech¬ 
nical efficiency of systems under study (Costa et al. 2001). 
Additionally, all exergy inflows, outflows, losses, and process 
irreversibilities are determined, taking also into account dis¬ 
aggregated exergy values associated with environmental re¬ 
leases (Beccali et al. 2003). According to a simplified ap¬ 
proach, the distinct life cycle stages can be overlooked, and 
life cycle can be considered as a single process (black-box 
process), with inflows and outflows (Toxopeus et al. 2006). 
Consequently, an exergy indicator arises that illustrates the life 
cycle irreversibility and can be calculated by subtracting the 
exergy that remains available after completion of life cycle 
from the total incoming exergy flow of the system (Toxopeus 
et al. 2006): 


'x ind. 


^ ^ E x fuel H - y ^ E x raw~^ ^ E x waste E 


x f.u. 


m 


in 


out 


out 



where E x fuel is the incoming exergy content of fuel, E x raw is 
the incoming exergy content of raw material, E x waste is the 
exergy content of waste, and E x f u is the exergy content of the 
functional unit that is produced during the life cycle. The 
numerical value of each exergetic flow is suggested to 
be simply associated with an equal characterization 
weighting factor. Concerning application of the exergy 
indicator of irreversibility, there is no distinction be¬ 
tween renewable and non-renewable exergy sources. 
On the contrary, this indicator provides an evaluation 
of the amount of exergy required in supporting product 
life cycle (Sciubba and Ulgiati 2005). 

The notion of exergy is strongly related to the approach of 
sustainable development, and methodologies that examine the 
life cycle of a given product or process under the scope of 
exergy can be applied in the framework of the sustainable 
development (Rosen et al. 2008). According to the “black¬ 
box” process approach and assuming the life cycle of a system 
as an energy process, a dimensionless indicator can be 
assigned that illustrates sustainability of the whole process. 
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This indicator is called exergetic eco-efficiency (ft eco ) and is 
given by the following equation (Toxopeus et al. 2006): 


n 


eco 


(/exergetic ^ (F n -r T ^t ) 
Fn-r "L ^/exergetic ^ F v 



where F n . r is the non-renewable exergy feed, F r is the renew¬ 
able exergy feed, and ^exergetic is the exergetic efficiency of the 
life cycle at an aggregate level taking into account all flows 
and processes at once. 

According to Eq. 7, exergetic eco-efficiency takes into 
account the efficiency of consumption for both renewable 
and non-renewable sources throughout the entire life cycle 
of the product or process under study (Dewulf et al. 2005). 
Consequently, a higher value of the indicator represents a 
more sustainable alternative (Toxopeus et al. 2006; Dincer 
and Rosen 2004). 


5 Application of a large-scale, grid-connected, 
polycrystalline PV system in the Greek Island of Nisyros 

5.1 Life cycle assessment of the PV system 

Large-scale grid-connected PV systems constitute an impor¬ 
tant application of the PV technology due to the fact that they 
operate as the main source of electricity supply for the national 
grid. The basic component of a PV system is an array of solar 
panels (Yang et al. 2007). In our case scenario of the Nisyros 
Island, excessively generated electric power of PV system is 
assumed to be stored in batteries for supporting energy de¬ 
mands during the night. At the same time, integrity of the local 
power system is secured with the diesel power unit of the 
Dodecanese interconnected power system, which is set at 
standby to support conditions of extreme demand or when 
the solar radiation intensity is minimized (Lig. 1) (Koroneos 
et al. 2006a; Duic and da Graga Carvalho 2004). Moreover, a 
PV system includes devices for voltage conversion and con¬ 
figuration of the electric power produced (Blaabjerg et al. 
2004). The PV system, assumed for the application scenarios 
in Nisyros, includes DC/AC inverters, batteries, and steel 
foundations of the ground mounting, besides PV modules 
(Koroneos et al. 2006b). Mounting of the PV system on the 


ground should be given careful consideration in order to 
withstand forces in all directions due to high winds. 

The implementation of LCA framework has been realized 
according to ISO 14040 (International Organization for 
Standardization 2006) and complying with the International 
Life Cycle Data System (European Commission-Joint 
Research Centre-IES 2010). Four discerned cases were stud¬ 
ied, which reflect current and future evolution of solar cells’ 
manufacturing technology (Stylos and Koroneos 2014): base 
case, improved case, forward case, and KC-65T case, with the 
latter being an application of the base case using a specific 
type of solar panel widely available in the market by Kyocera 
Corporation (2013). The base case is chosen in such a way 
that it represents a good estimate of the present state of 
production technology and environmental control measures 
(Stoppato 2008). The improved case is defined as the technol¬ 
ogy, which has been already reached and will be commercially 
available widely within next couple of years. The forward 
case represents an optimistic view on production technology 
available within the next 5 years (Swanson 2006). Finally, 
KC-65T case is an application of a PV module, which is 
already in the market. Thus, comparisons can be made among 
case scenarios, and some useful conclusions can be drawn. In 
addition, base case assumes use of PV panels with a solar cell 
efficiency of 14 % and a total lifetime of 30 years. Important 
aspects of the improved case scenario are the increase of solar 
cell efficiency at 17 % and a module life time of 40 years. As 
far as the forward case is concerned, solar cell technology is 
expected to reach an encapsulated cell efficiency of 20 %, 
readily marketable, and supporting power generation for half a 
century since assembly (Stylos and Koroneos 2014). The KC- 
65T case is based on the technical specifications of KC-65T 
PV module, similar to those of base case scenario, with 
slightly larger dimensions and solar cell efficiency (14.1 %) 
(Kyocera Corporation 2013). Regarding specifications of DC/ 
AC inverters, batteries, and steel foundations of panels, there 
is not any kind of discrimination among various PV cases. 
Nevertheless, it is important to mention that for the electrolytic 
chrome coated steel (ECCS) foundations, three cases have 
been considered: base case, improved, and forward case. It 
is the difference in lifetime span of PV cases that affects 
replacements of batteries, hence total number of battery items 
as well as the variations in dimensionality of PV modules that 


Fig-1 Schematic diagram of a 
large-scale, grid-connected PV 
system with energy storage 
(Koroneos et al. 2006a) 
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determines design of PV arrays, namely total mass of ECCS 
steel. In KC-65T case, calculations for the batteries and steel 
foundations are identical with those of base case scenario 
(Stylos and Koroneos 2014). 

5.1.1 Description and analysis ofPVmodule 

Photovoltaic modules consist of a number of solar cells relevant 
to the module area. The most important part of a solar cell is the 
semiconducting layers, where the electron current is created. 
There are a number of different materials suitable for 
manufacturing these semiconducting layers, and each has bene¬ 
fits and drawbacks (Goetzberger et al. 2003). There is no ideal 
material for all types of cells and applications, but the most 
important still remains silicon with its various structural forms 
(Goetzberger et al. 2002). The subsystem of PV modules in¬ 
cludes the basic raw materials (silica, aluminum, glass, EVA, 
and Tedlar), relevant processes, and energy sources for PV- 
module manufacturing (Fig. 2) (Koroneos et al. 2006a). 
Moreover, inventory analysis of PV-module subsystem includes 
the transportation of raw materials and energy sources to the 
manufacturing facilities in Japan (Stylos and Koroneos 2014). 

As shown in Fig. 2, aluminum is one of the basic raw 
materials used for PV-module framing (Fthenakis and Kim 
2011; Richards and Watt 2007). The waste produced by 
aluminum manufacturing processes is considered to be fully 


recycled (Kikuchi 2001). Two subcases have been considered 
regarding aluminum recycling for the final disposal phase of 
PV module life cycle. According to the first subcase, denoted 
as Al 0 %, aluminum embodied has not been recycled, while 
in the second one (Al 50 %), the aluminum consumed for 
building the module frames contain 50 % secondary 
(recycled) aluminum (Koroneos et al. 2006a). 

Tedlar and EVA are two well-known plastics in PV indus¬ 
try being used in solar cell encapsulation process (Fig. 2). 
Tedlar plastic serves as the backsheet of PV module 
supporting the entire structure of it. An EVA (ethylene vinyl 
acetate) polymer foil is used for welding solar cells with the 
glass sheet and the Tedlar backsheet (Nowlan et al. 2005). The 
glass manufacturing and assembly processes are also included 
in the PV module’s subsystem (Fig. 2). 

In the operation stage of PV modules’ life cycle, demands 
in energy, and materials from primary resources, other than 
consuming small amounts of self-generating electricity for 
system controls, have been considered to be negligible 
(Koroneos et al. 2006b). Moreover, during the operation of 
PV system, zero emissions and waste are released by the PV 
modules (Battisti and Corrado 2005; Fthenakis 2003). 
Concerning final disposal of PV modules, no recycling pro¬ 
cesses are applied. Thus, after disassembly of the aluminum 
frame, PV modules are disposed as solid waste (Ito et al. 
2011 ). 



Fig. 2 PV module fabrication flow diagram (Nowlan et al., 2005; Koroneos et al. 2006a) 
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5.1.2 Analysis of PVsystem balance-of-system components 
(BOS components) 

Except for PV-modules, all the complementary equipment that 
contributes to the operation of PV system forms the balance- 
of-system component arrangement (BOS-Components). 
These components include DC/AC inverters, batteries, steel 
mounting frames, and power conditioning electronics 
(Hammond et al. 2012). 

DC/AC inverters convert dc power produced from PV 
modules into ac power in order to supply the grid (Eltawil 
and Zhao 2010). The PV system presumed in this study 
includes two 500 kVA DC/AC inverters (SMA Solar 
Technology AG 2013; Aixcon Powersystems 2013). In the 
PV system’s life cycle, only one set of DC/AC inverters is 
required. On the contrary, batteries’ installation is replaced 
every 10 years, exerting a major effect on the good standing of 
the whole system that could change dramatically exergy eval¬ 
uations (Rydh and Sanden 2005). The batteries required for 
current PV system are manufactured by Hoppecke AG (OPzS 
series) and have a 1,200-Ah capacity (Hoppecke Batterien 
2014). 

The energy demands and emissions released for 
manufacturing processes and transportation for BOS compo¬ 
nents have all been taken into account. Concerning the trans¬ 
portation of PV system components, PV-modules have been 
exported from Japan to Greece traveling 9,400 km by cargo 
ship; inverters, batteries, and steel foundations are imported 
from Germany to Greece, assuming road transport covering a 
1,650-km distance by a 40-tonne tmck. All PV-system com¬ 
ponents have been transhipped to a freighter traveling 470 km 
from the port of Piraeus to the island of Nisyros where the 
assembly procedures of PV systems have taken place (Stylos 
and Koroneos 2014). The resource used for transportation is 
fuel oil (diesel) representing 7.6 % of total energy inflows and 
the air emissions due to transportation amount at 6.5 % of total 
emissions, respectively. 

5.1.3 Design, application, and results of PV system life cycle 
assessment 

Design and application of the aforementioned PV system is 
based on the monthly electricity consumption data and varia¬ 
tion of the solar irradiation, per surface unit, on Nisyros Island 
(for the different pitch angles of PV-modules) (Koroneos et al. 
2006b). Additionally, correction factors are taken into account 
in order to calculate the losses by the transformation of the 
solar radiation into electricity on the PV modules, the transfer 
of the electric power, or by the transformation of the dc 
voltage into ac power. Thus, based on the electricity demand 
on Nisyros Island and the various PV case scenarios, the 
number of required PV modules of the installation is calculat¬ 
ed. Due to the fact that the PV system is designed to operate on 


a yearly basis, PV system characteristics are adapted to the 
month with the lowest average solar irradiation (February for 
Greece) in order to be on the safe side (Zhou et al. 2010). 
Estimated electricity storage needs depend on the local weath¬ 
er conditions (maximum number of consecutive clouded 
days), the electricity consumption peaks in Nisyros Island, 
and the desired reliability of the PV system. Minimum auton¬ 
omy of PV system is set at 3 days in the autumn-winter period 
and 6 days in the spring-summer period, based on historical 
data for power consumption (Koroneos et al. 2006b). Final 
results and basic characteristics of the assumed PV system 
serving Nisyros Island are summarized on Table 1 . 

5.2 Exergetic life cycle assessment of the PV system 
in Nisyros 

As it was previously stated, the ELCA methodology is similar 
to that of LCA (Talens Peiro et al. 2010). In the current ELCA 
study, a straightforward approach of life cycle as black-box 
process (input/output analysis) is being adopted, meaning that 
energy consumption and emissions are allocated according to 
the electricity produced by the system (Grubb and Bakshi 
2011; Khasreen et al. 2009); More specifically, PV system’s 
life cycle is considered as a single energy process, without 
examining the processes that are involved in each stage of the 
cycle, indicating the total exergetic “expense” (Corrado et al. 
2006); the advantageous nature of the black-box approach in 
comparison to process analysis is due to the fact that input/ 
output analysis is considered to be more comprehensive and at 
the same time process analysis can be significantly incomplete 
due to complexities that arise from goods and services (Lave 
et al. 1995). Thus, based on inventory analysis results of the 
corresponding LCI databases (Ecoinvent 2011), the exergy 
balance and ELCA indicators are estimated. 

5.2.1 System boundaries, functional unit, and reference 
environment of the PV system 

The goal of ELCA study suggests an extension of the scope of 
a similar LCA study focusing on the exergetic parameters that 
are related to the life cycle of the PV installation (Himpe et al. 
2013). The systems boundaries are identical with those deter¬ 
mined in the LCA study. More specifically, the system en¬ 
closes the acquisition of raw materials, transportation to the 
manufacturing site in order to fabricate PV-modules, manu¬ 
facture, and assembly of the PV modules. The system also 
includes the batteries, DC/AC inverters, and steel foundations 
(BOS components). The stage of use of the system represents 
the operation phase of the PV system, which differs for each of 
the four PV technology cases. As far as the life cycle stage of 
final disposal is concerned, the parts of PV installation are 
supposed to be disposed as solid wastes. 
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Table 1 Characteristics of installed PV large-scale system in the Nisyros Island according to various PV cases (Stylos and Koroneos 2014) 



Unit 

Base case 


Improved case 

Forward case 

KC-65T case 



Al 0 % 

Al 50 % 

Al 0 % 

Al 50 % 

Al 0 % 

Al 50 % 

Al 0 % 

Al 50 % 

Total installed power, P inst 

[kW] 

293.28 

293.28 

296.21 

296.21 

296.43 

296.43 

294.12 

294.12 

Number of PV-modules, N mod 

— 

5,140 

5,140 

2,640 

2,640 

1,640 

1,640 

4,902 

4,902 

Total PV-module area, A mod 

[m 2 ] 

2,246 

2,246 

1,711 

1,711 

1,640 

1,640 

2,397 

2,397 

PV-module surface 

[m 2 ] 

0.44 

0.44 

0.648 

0.648 

1 

1 

0.489 

0.489 

Coverage factor, s co 

— 

0.82 

0.82 

0.86 

0.86 

0.9 

0.9 

0.75 

0.75 

Temperature correction factor, S T 

— 

0.91 

0.91 

0.91 

0.91 

0.91 

0.91 

0.91 

0.91 

Needs in ECCS steel 

[kg] 

56,229 

56,229 

36,159 

36,159 

30,144 

30,144 

65,621 

65,621 

Number of batteries, N h 

— 

520 

520 

520 

520 

520 

520 

520 

520 

Number of batteries replacement 

— 

2 

2 

3 

3 

4 

4 

2 

2 

during the life cycle, N r 

Number of DC/AC inverters of the 


3 

3 

3 

3 

3 

3 

3 

3 

entire life cycle, N { 

Peripherals system ratio, o BOS 

— 

0.735 

0.735 

0.735 

0.735 

0.735 

0.735 

0.735 

0.735 

PV module system operation ratio, A mod 

— 

0.67 

0.67 

0.67 

0.67 

0.67 

0.67 

0.67 

0.67 

Electricity consumption 

[KWh/year] 

246,050 

246,050 

246,050 

246,050 

246,050 

246,050 

246,050 

246,050 

on the Nisyros Island, E Nis an 

Life time, Lt 

[yr] 

30 

30 

40 

40 

50 

50 

30 

30 

Annual electricity production, E c] LC 

[GJ] 

1,143 

1,143 

1,155 

1,155 

1,156 

1,156 

1,147 

1,147 


The functional unit used in the ELCA study is 1 MWh ex , 
and all the values are expressed in terms of MWh ex . In order to 
make comparisons between the different PV technology cases 
or among the examined electricity production technologies, 
the exergetic values are reduced to the produced exergy unit 
[MWh ex prod ]. 

Another important parameter of ELCA that must be deter¬ 
mined is the reference environment. The reference environ¬ 
ment, according to bibliography, simulates on a thermody¬ 
namically “dead” planet, where all the substances have 
reacted, interfered, and are fully dispersed (Szargut et al. 
2005). 

5.2.2 Inflows exergy content of the PV system 

The inflows of PV system’s life cycle, as they were formed in 
the inventory analysis of the LCA study (Stylos and Koroneos 
2014), provide the necessary base on which the total incoming 
exergy to the PV system is formed. The incoming flows to the 
PV system’s life cycle include the materials, the energy 
sources, the solar radiation, and the reusable waste for each 
of the examined PV cases. 

The term “materials,” mentioned above, incorporates the 
feedstock, in the form that is found in the natural environment, 
used for the acquisition, manufacturing, operation, and final 
disposal of the PV system components. The exergy content is 
calculated in terms of chemical exergy of the materials in¬ 
volved, based on Eq. 8. All required data for the calculation of 
the materials chemical exergy is taken from various references 


(Yilanci et al. 2011; Dewulf et al. 2007; Finnvenden and 
Ostlund 1997) as well as for the ore deposits is concerned 
(Dewulf and Van Langenhove 2002). 

Another category of incoming flows is the one related 
with sources that supply with energy the entire life cycle of 
the PV system. In this category of inflow, the solar radiation 
is excluded. More specifically, the fossil fuels’ exergy con¬ 
tent can be calculated based on the heating value (HV) 
according to the following equation (Yildiz and Gungor 
2009; Finnvenden and Ostlund 1997): 

E xc h = P x HV (8) 

where E x C h is the chemical exergy of the examined fuel, cp 
represents the chemical exergy to heating value ratio, which 
varies according to the molecular composition of each fuel, 
and HV stands for the heating value of the fuel. Values of the 
cp ratio and the average lower heating value (LHV) of the fuels 
used in calculations have also been acquired from recent 
bibliography (U.S. Department of Energy 2008; Ayres and 
Warr 2005; Ayres et al. 2006). 

Solar radiation provides the most significant energy source 
of the PV system’s life cycle. Additionally, due to the separate 
calculation method of the solar radiation’s exergy content, it 
allows to be considered as a distinguished exergetic inflow to 
the PV systems life cycle (Dewulf et al. 2008; Szargut 2005). 
At this point, it must be clearly stated that solar radiation 
exergy content is not calculated based on the total solar 
radiation that prostrates on the PV modules. On the contrary, 
the calculations refer to the amount of solar radiation exergy 
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that the PV modules can utilize. The efficiency of the PV 
modules depends on the relative temperature difference be¬ 
tween the PV modules and the natural environment and on the 
PV modules’ surface pollution (dirt, leafs, insects etc.). The 
temperature correction factor (s T ) is a dimensionless coeffi¬ 
cient that adjusts the efficiency of the solar cells (rj n ) to the 
relative temperature of the environment and is given by Eq. 9 
(Luque and Hegedus 2011): 

= h* ( 9) 

1 T 
1 e 

where / Tpv is the mean daily solar irradiation at the tempera¬ 
ture of PV-module, and / Te is the mean daily solar irradiation 
at the environmental temperature, per square meter of module 
area. This correction factor multiplied by the peripherals sys¬ 
tem ratio contributes in calculating the overall PV module 
system operation ratio. Peripherals system ratio is the product 
of batteries’ ratio, inverters’ ratio, and wiring ratio and is 
actually representing the efficiency of system components 
other than PV modules. 

The clearness factor (s c ) reflects the PV module’s surface 
pollution and is given by the ratio of the electric power 
produced by the polluted PV module to the electric power 
output of a clear PV module. In the present study, the clearness 
factor is considered to be equal to 0.9 (Koroneos et al. 2006a). 
The solar radiation exergy content is also related to the cov¬ 
erage factor (^co) of the PV modules. The coverage factor of 
the PV modules derives from the ratio of the effective solar 
cells’ surface to the total surface of the PV module and differs 
for each of the examined PV cases (see Table 1). Thus, based 
on the PV modules’ pitch angle, the solar irradiation data for 
Nisyros Island, the average daily air temperature, temperature 
correction factor, the clearness factor, and the exergy factor of 
solar radiation (e f ), which is according to bibliography equals 
to 0.93 (Joshi et al. 2009), emerges the exergetic content of 
solar radiation. The incoming exergy of the solar radiation to 
the PV system is given by the equation as follows: 


exergy content is assigned with a negative value in the life 
cycle exergy balance, as it is suggested for the utilizable part 
of the PV system’s life cycle waste (Cherubini et al. 2008). 

5.2.3 Calculation of the outflows exergy content 
and electricity generated by PV system 

Based on the inventory data analysis stage of the LCA study, 
the exergetic outflows of the PV system’s life cycle can be 
determined. The outcoming flows of the PV system’s life 
cycle include the air emissions, water and underground pol¬ 
lutants, solid waste, transferred substances, the rest of the 
waste, and the electricity generated for each of the PV cases 
examined (Hepbasli 2008). 

The first category of chemical substances that contribute to 
the formation of the exergy outflows is the atmospheric emis¬ 
sions released from the life cycle of the PV system. Chemical 
exergy of the released air emissions, for the conditions of 
reference environment, is either obtained directly from related 
bibliography or calculated according to the Eq. 10 (Morris and 
Szargut 1986). Additionally, due to the variety of compounds 
that are included in some categories of air emissions (aromatic 
hydrocarbons, polycyclic aromatic hydrocarbons, non- 
methanic volatile organic compounds etc.), the exergetic con¬ 
tent is calculated based on specific and representative chem¬ 
ical compounds of each category, in equal portion. The ash 
and the particles released during PV system’s life cycle are 
considered to have negligible exergetic content. 

The water pollutants, underground emissions, and water¬ 
borne substances consist another category of substances that 
contribute to the formation of the exergy outflows of the PV 
system’s life cycle. The exergetic content of inorganic com¬ 
pounds and ions dissolved in aquatic solution, for the condi¬ 
tions of reference environment, is obtained from bibliographic 
data (Ludovisi et al. 2012). Concerning the organic com¬ 
pounds dissolved in waste water, the chemical exergy is 
expressed with equation (Tai et al. 1986): 


E 


x sol,LC 



i x 


x s c x s co x ey x Lt 



where E x so i,lc is the incoming exergy of the solar radiation 
for the PV system’s life cycle, 7I irr?mo 7 represents the average 
intensity of the solar radiation in Nisyros Island for the month 
/, s T is the temperature correction factor for the average air 
temperature of month /, s c is the clearness factor, e f is the 
exergy factor of solar radiation, and Lt is the expected life time 
of the PV system measured in years (Hacatoglou et al. 2011; 
Badescu et al. 1996). 

The final exergetic inflow to the PV system’s life cycle 
includes the reusable wastes. Obviously, the reusable wastes 


E x ch ,org ,i = 13,6 x TODi (11) 

where E x C h,or g , i is the chemical exergy of the organic com¬ 
pound i in [J/l], and TOD 7 represents the total oxygen demand 
of the organic compound i in [mg/1]. The data on the total 
oxygen demand (TOD) of the organic compounds is found in 
bibliography (Tai et al. 1986). Moreover, the chemical exergy 
of the total organic carbon (TOC) in waste water is 
approached by Eq. 12 (Tai et al. 1986): 

E x ch,org,i = 45 x TOC (12) 

where E x C h,or g , / is the chemical exergy of the total organic 
carbon in waste water [J/l], and TOC is the total organic 
carbon dissolved in waste water [mg/1]. 
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Moreover, exergy outflows of the PV system’s life cycle 
include solid waste or/and other waste (Morris and Szargut 
1986). 

The beneficial part of the exergy outflow suggests the 
produced functional unit of the PV system’s life cycle, i.e., 
electricity generated by the PV system. The exergy factor of 
the electricity is equal to one (Wall 2001) and, consequently, 
the exergy content of the power generated for the entire life 
cycle of the PV system is equal to its energy content. 


5.2.4 Life cycle irreversibility of the PV system 


The life cycle of the PV system can be approached as a real 
energy process that converts the incoming exergy (materials, 
energy sources, solar radiation, and reusable wastes) into 
useful exergy outflow (electric power), non-usable outflow 
(wastes, emissions), and exergy losses. Consequently, the 
irreversibility or exergy losses that are introduced throughout 
life Cycle of PV system can be calculated from the life cycle 
exergy balance by subtracting the total outcoming from the 
total incoming exergy flows, as indicated in Eq. 13 
(Comelissen 1997): 


2 — y ^ e x i~ y ^ Ex j — y ^ E x es t y ^ e x m 


m 


out 


in 


in 


y ^ E x soi-e E x c-w ~ y ^ e 


X f.u. 


in 


out 


out 


(13) 


where E x es stands for the incoming exergy content of the PV 
system’s life cycle energy sources, E x m represents the incom¬ 
ing exergy content of the PV system’s life cycle materials, E x 
so i is the incoming exergy content of the solar radiation during 
PV system life cycle, E x e _ w is the outcoming exergy content 
of the emissions and wastes during PV-system life cycle, and 
E x f.u. represents the useful exergy content of the produced 
functional unit (electricity) within PV system’s life cycle. 

In the calculation of the PV system life cycle’s irreversibil¬ 
ity, a characterization weighting factor, equal to one, is 
assigned to the numerical value of each exergy flow 
(Gonzalez et al. 2003; Toxopeus et al. 2006). 


5.2.5 Life cycle exergy balance and exergetic eco-efficiency 
of the PV system 

The formation of the exergy balance allows evaluation of the 
incoming exergy efficiency, in respect to the life cycle of the 
assumed large-scale PV system (all PV cases apply). The 
exergetic efficiency (^exergetic) for the entire life cycle of the 
PV system, according to Eq. 3, is calculated at an aggregate 
level for all flows involved by the ratio of the electricity 
generated to the total incoming exergy during the life time 
of the PV system. 


The incoming exergy of the PV system can be alter¬ 
natively expressed in terms of renewable and non¬ 
renewable incoming exergy (Toxopeus et al. 2006). 
Renewable exergy feed ( F r ) includes the exergy content 
of renewable energy sources (solar radiation, wood, and 
waterfall energy) that contribute to the formation of the 
total incoming exergy of PV system’s life cycle. On the 
contrary, non-renewable exergy feed ( F n _ r .) includes the 
exergy content of non-renewable energy sources (oil, 
petrol, lignite, coal, etc.) during the PV system’s life 
cycle. Consequently, exergetic eco-efficiency (n eco ) for 
the assumed PV system application in the Nisyros 
Island can be estimated, for all PV case scenarios under 
examination. 

5.2.6 Final results and exergyflow-Sankey diagrams of the PV 
systems’ ELCA 

Based on the results of the LCI’s and the extensive calcula¬ 
tions, the ELCA final estimations of the PV system in Nisyros 
are deduced, and for all PV cases and subcases related to 
aluminum recycling. ELCA results are presented in Table 2. 

ELCA results show that the differences in energy/ 
exergy flows between 50 % aluminum recycling and no¬ 
recycling subcases are minor in all PV case scenarios, but 
they need to be further analyzed. In more specific, 
recycling of 50 % (Al 50 %) of the used aluminum in 
frames leads to a slight decrease of the materials exergy 
content. The decrease of the materials exergy content can 
be explained by the fact that the aluminum recycling 
process reduces the energy demand and use of materials 
of the PV system’s life cycle. Thus, the effect of alumi¬ 
num recycling in each of the PV cases is more clearly 
illustrated by the increase of the reusable waste exergetic 
contribution. The reduced use of raw materials and energy 
sources, that the aluminum recycling processes involve, 
lead to reduced environmental burdens. Consequently, the 
reuse of the consumed aluminum (Al 50 %), for all 
examined PV cases, leads to both reduced life cycle 
Irreversibility (exergy losses) and reduced exergy content 
of some categories of outflows (air emissions, water emis¬ 
sions, and other waste). Additionally, if the life cycle 
incoming exergy is expressed in terms of non-renewable 
and renewable exergy feed, the reuse of the consumed 
aluminum (Al 50 %), for all the examined PV cases leads 
to decreased non-renewable exergy contribution. 
Additionally, in all PV cases, aluminum recycling (Al 
50 %) decreases slightly the renewable exergy contribu¬ 
tion, due to less energy consumed during the whole 
recycling chain (Hoque et al. 2012). Moving gradually 
from the base case and its application (KC-65T case) to 
the forward case, the sustainable prospective of the PV 
systems is demonstrated. The increased exergetic 
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Table 2 Final ELCA results of various PV case scenarios concerning the Nisyros Island 







Unit 

Base case 


Improved case 

Forward case 

KC-65T case 



Al 0 % 

Al 50 % 

Al 0 % 

Al 50 % 

Al 0 % 

Al 50 % 

Al 0 % 

Al 50 % 

Life cycle exergy Materials, F xtot m 

[MWh ex ] 

1784.96 

1781.5 

2152.5 

2149.66 

2601.43 

2599.92 

1754.212 

1746.28 

inflow Energy sources, E xtot es 

[MWh ex ] 

18238.48 

18050.65 

18082.26 

17967.31 

21385.41 

21314.91 

18611.96 

18391.7 

Solar radiation, E xtot sol 

[MWh ex ] 

74951.07 

74951.07 

80031.39 

80031.39 

100223.68 

100223.68 

73632.06 

73632.06 

Reusable waste, E xtot rec 

[MWh ex ] 

-6.2 

-8.53 

-3.96 

-5.34 

-3.25 

-4.2 

-7.12 

-9.3 

Life cycle exergy Non-renewable exergy 

[MWh ex ] 

18618.73 

18414.57 

19987.55 

19905.75 

23728.28 

23669.43 

18926.22 

18728.07 

inflow feed, F tot n _ r 

Renewable exergy 

[MWh ex ] 

76394.58 

76360.13 

80274.6 

80254.1 

100478.97 

100464.9 

75064.9 

75032.68 

feed, F tot r 

Life cycle exergy Air emissions, E xtot em 

[MWh ex ] 

107.08 

102.82 

65.28 

62.68 

62.77 

57.86 

114.12 

110.13 

outflow Water emissions, E xiot lw 

[MWhex] 

13.74 

13.18 

8.64 

8.14 

7.95 

7.81 

10.12 

9.86 

Underground 

[MWhex] 

0.097 

0.097 

0.114 

0.114 

0.131 

0.131 

0.097 

0.097 

emissions, E xtot uw 

Water-bourne 

[MWheJ 

6.44 

6.44 

7.81 

7.81 

9.2 

9.2 

6.46 

6.46 

substances, E xtot ts 

Solid waste, E xtot sw 

[MWheJ 

5.25 

5.25 

2.21 

2.22 

1.5 

1.5 

5.18 

5.18 

Other waste, E xtot ^ 

[MWheJ 

75.75 

75.75 

34.89 

34.89 

29.94 

29.94 

53.44 

53.44 

Electricity output, E xtot e i 

[MWheJ 

9526.87 

9526.87 

12829.64 

12829.36 

16112.4 

16112.4 

9554.1 

9554.1 

Life cycle irreversibility, / tot 

[MWheJ 

85278.1 

85065.76 

87313.59 

87213.64 

107983.36 

107979.08 

84247.6 

84021.48 

Life cycle exergetic 

[%] 

10.03 

10.05 

12.8 

12.82 

12.97 

12.93 

10.16 

10.19 

efficiency, f/exergetic 

Exergetic eco-efficiency, r/ eco 

[%] 

36.25 

36.52 

42.41 

42.52 

43.83 

43.78 

35.98 

36.23 


efficiency and the growing renewable exergy feed lead to 
an increased exergetic eco-efficiency. For most of the 
examined PV cases, the recycling of half the aluminum 
consumed (A1 50 %) slightly increases the life cycle 
exergetic eco-efficiency of the PV system installed in 
the Nisyros. 


ELCA results can be visualized in exergy flow (Sankey) 
diagrams (Schlueter and Thesseling 2009; Soufi et al. 2004). 
KC-65T and forward case scenarios represent the extremes of 
present and future technology in PV manufacturing. By com¬ 
paring the Sankey diagrams of KC-65T case and those of 
forward case, assuming that consumed aluminum is not 
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Life Cycle of the grid-connected Photovoltaic System 
with energy storage, installed power 294,12 KW 
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Fig. 3 Sankey diagram for life cycle of the PV system. (KC-60 case - Al 0 %) 
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Renewable Exergy 
Feed, F totr 
81,142 % 



Non-renewable Exergy Feed, F tot n _ r 
18,858 % 



Fife Cycle of the grid-connected Photovoltaic System 
with energy storage, installed power 294,12 KW 
(KC-65T case - A1 0%) 
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Fig. 4 Sankey diagram for life cycle of the PV system, where the total exergy inflow is expressed in terms of non-renewable and renewable exergy feed 
(KC-60 case—A1 0 %) 


recycled (A1 0 %), the technological progress in the field of 
PV systems can be soundly illustrated. The materials’ 
exergetic contribution becomes greater. This increase is 
caused by the fact that the manufacturing processes of PV 
modules require larger quantities and materials with greater 
exergetic content. Moreover, the reusable waste exergy inflow 
is slightly decreased. Since, progress of PV technology re¬ 
quires high-purity materials, it is apparent that the amount of 
waste materials that can be reused is reduced. Moreover, due 
to the increased efficiency of the manufacturing processes of 
PV modules, the exergetic content of energy sources, emis¬ 
sions, and waste are slightly decreased. The more efficient 
utilization of the solar radiation by the panels of the PV system 
is proven by the solar radiation’s increased exergetic contri¬ 
bution in the formation of the total exergy inflow. The solar 


radiation’s exergy content is essential to the formation of the 
renewable exergy inflow. Thus, in the Sankey diagrams, 
where the incoming exergy of the PV system is expressed in 
terms of renewable and non-renewable incoming exergy, the 
renewable exergy inflow is found to be increased (Figs. 3,4,5, 
and 6). 


6 Discussion 

The evolvement of photovoltaic technology, especially in 
solar cell manufacturing, and the contribution of recycling 
have both been confirmed as part of an eco-friendly develop¬ 
ment in the present research. In specific, comparison of the 
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Fig. 5 Sankey diagram for life cycle of the PV system (forward case — A1 50 %) 
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Renewable Exergy 
Feed, F totr 
79,404 % 



Non-renewable Exergy Feed, F tot n-i 
20,596 % 
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Fig. 6 Sankey diagram for life cycle of the PV system, where the total exergy inflow is expressed in terms of Non-Renewable and Renewable Exergy 
Feed, (forward case—A1 0 %) 


various photovoltaic scenarios through the Sankey diagrams 
clearly shows a considerable improvement of the whole 
exergetic life cycle, in respect to both exergy inflows and 
outflows, based on the anticipated development of technology 
in this industry. This result comes into agreement with rele¬ 
vant conclusions of various researchers in the field (Tiwari 
et al. 2009; Joshi and Tiwari 2007). Then, recycling has 
proved to be an important step for the improvement of the 
exergetic life cycle. Reduced life cycle irreversibility and 
reduced exergy content of some categories of air emissions, 
water emissions, and other waste are the benefits of recycling 
and reuse of aluminum. Furthermore, the expression of life 
cycle incoming exergy in terms of non-renewable and renew¬ 
able exergy feed leads to a decreased non-renewable exergy 
contribution in case of recycling and reuse of aluminum (Al 
50 %), due to less energy consumed during the whole 
recycling chain (Hoque et al. 2012). The latter conclusions 
have been well-reported in other research studies (Ignatenko 
et al. 2007; Amini et al. 2007; Castro et al. 2007). The non¬ 
renewable exergy feed reduction is caused by the fact that the 
aluminum recycling involves a reduced demand for virgin 
natural resources (von Gleich 2006). 

The most important remark of the comparison be¬ 
tween the Sankey diagrams of the KC-65T case and 
those of forward case (i.e., the two extremes) is the 
increase of the life cycle exergetic efficiency, which is 
concluded from the increased electricity output of the 
PV-system. Consequently, the increased exergetic effi¬ 
ciency involves decreased irreversibility (exergy losses) 
of the PV system’s life cycle. These outcomes are in 
agreement with the evolution of technological advances 
in the area (Koroneos and Tsarouhis 2012; Tiwari et al. 


2011; Raman and Tiwari 2009). Overall, the environ¬ 
mental burdens released to air, water, and soil follow a 
pattern of reduced values. This is true while comparing 
across PV system technological scenarios as well as 
between non-reuse and reuse of recycled aluminum sce¬ 
narios, confirming previous studies (Koroneos et al. 
2006b; Stylos and Koroneos 2014). 

7 Conclusions 

The progress in the field of PV technology is significant 
and is stipulated by the increased life cycle exergetic 
efficiency. The conducted ELCA study showed evident¬ 
ly that the total exergy inflow and the irreversibility of 
the PV system’s life cycle (for all the PV cases) is 
important. However, due to the fact that the contribution 
of the renewable exergy (solar radiation) to the forma¬ 
tion of the total incoming exergy of life cycle is signif¬ 
icant, it emerges that the satisfaction of electric power 
needs with a PV system appears to be exergetic sus¬ 
tainable. Thus, power generation through PV systems is 
an eco-friendly process while implementing a cradle-to- 
grave approach. Application of ELCA in electricity pro¬ 
duction technologies exceeds the proven sustainable pro¬ 
spective of the PV systems; however, it aims to show 
the essence of the application of ELCA methodology in 
the environmental decision making process. ELCA can 
be seen as a useful tool for the support and formation 
of the environmental decision making that can illustrate 
the examined energy system or process in terms of 
exergetic sustainability. 


<£) Springer 


































Int J Life Cycle Assess (2014) 19:1716-1732 


1729 


References 

Aixcon Powersystems (2013) www.aixcon.de. Accessed 14 Oct. 2013 
Amann M, Lutz M (2000) The revision of the air quality legislation in the 
European Union related to ground-level ozone. J Hazard Mater 
78(1 ):41-62 

Amann M, Bertok I, Borken-Kleefeld J, Cofala J, Heyes C, Hoglund- 
Isaksson L, Winiwarter W (2011) Cost-effective control of air 
quality and greenhouse gases in Europe: modeling and policy ap¬ 
plications. Environ Model Softw 26(12): 1489-1501 
Amini SH, Remmerswaal JAM, Castro MB, Reuter MA (2007) 
Quantifying the quality loss and resource efficiency of recycling 
by means of exergy analysis. J Clean Prod 15(10):907—913 
Ardente F, Beccali G, Cellura M, Lo Brano V (2005) Life cycle assess¬ 
ment of a solar thermal collector. Renew Energ 30(7): 1031—1054 
Arena U, Mastellone ML, Pemgini F (2003) The environmental perfor¬ 
mance of alternative solid waste management options: a life cycle 
assessment study. Chem Eng J 96(l):207-222 
Asif M, Muneer T (2007) Energy supply, its demand and security issues 
for developed and emerging economies. Renew Sust Energ Rev 
11(7): 1388—1413 

Ayres RU, Warr B (2005) Accounting for growth: the role of physical 
work. Struct Change Econ 16(2): 181-209 
Ayres RU, Ayres LW, Masini A (2006) An application of exergy account¬ 
ing to five basic metal industries. In: Sustainable metals manage¬ 
ment. Springer, Netherlands, pp 141-194 
Badescu V, Landsberg PT, Dinu C (1996) Thermodynamic optimization 
of non-concentrating hybrid solar converters. J of Phys D Appl Phys 
29(1):246 

Balocco C, Papeschi S, Grazzini G, Basosi R (2004) Using exergy to 
analyze the sustainability of an urban area. Ecol Econ 48(2):231-244 
Bastianoni S, Nielsen SN, Marchettini N, Jorgensen SE (2005) Use of 
thermodynamic functions for expressing some relevant aspects of 
sustainability. Int J Energ Res 29(1):53-64 
Battisti R, Corrado A (2005) Evaluation of technical improvements of 
photovoltaic systems through life cycle assessment methodology. 
Energy 30(7):952-967 

Beccali G, Maurizio C, Mistretta M (2003) New exergy criterion in the 
“multi-criteria” context: a life cycle assessment of two plaster prod¬ 
ucts. Energ Convers Manage 44(17):2821-2838 
Belhani M, Pons MN, Alonso D (2008) SFGP 2007—the effects of 
sludge digester biogas recovery on WWTP ecological impacts and 
exergetic balance. Int J Chem React Eng 6(1): 1542-6580 
Blaabjerg F, Chen Z, Kjaer SB (2004) Power electronics as efficient 
interface in dispersed power generation systems. IEEE Trans 
Power Electron 19(5): 1184—1194 

Boudghene Stambouli A, Traversa E (2002) Fuel cells, an alternative to 
standard sources of energy. Renew Sust Energ Rev 6(3):295-304 
Boulanger PM, Brechet T (2005) Models for policy-making in sustain¬ 
able development: the state of the art and perspectives for research. 
Ecol Econ 55(3):337—350 

Castro MBG, Remmerswaal JAM, Brezet JC, Reuter MA (2007) Exergy 
losses during recycling and the resource efficiency of product sys¬ 
tems. Resour Conserv Recy 52(2):219-233 
Cherubini F, Bargigli S, Ulgiati S (2008) Life cycle assessment of urban 
waste management: energy performances and environmental im¬ 
pacts. The case of Rome, Italy. Waste Manage 28(12):2552-2564 
Comelissen RL (1997) Thermodynamics and sustainable development: 
the use of exergy analysis and the reduction of irreversibility. PhD 
Thesis. University of Twente, Netherlands 
Comelissen RL, Hirs GG (2002) The value of the exergetic life cycle 
assessment besides the LCA. Energ Convers Manage 43(9): 1417-1424 
Corrado A, Fiorini P, Sciubba E (2006) Environmental assessment and 
extended exergy analysis of a “zero C0 2 emission”, high-efficiency 
steam power plant. Energy 31(15):3186-3198 


Costa MM, Schaeffer R, Worrell E (2001) Exergy accounting of 
energy and materials flows in steel production systems. Energy 
26:363-384 

Dahlsmd A (2008) How corporate social responsibility is defined: an 
analysis of 37 definitions. CSR Environ Manage 15(1): 1-13 
Dewulf JP, Van Langenhove HR (2002) Quantitative assessment of solid 
waste treatment systems in the industrial ecology perspective by 
exergy analysis. Environ Sci Technol 36(5): 1130-1135 
Dewulf J, Van Langenhove H, Van De Velde B (2005) Exergy-based 
efficiency and renewability assessment of biofuel production. 
Environ Sci Technol 39(10):3878—3882 
Dewulf J, Bosch ME, Meester BD, Vorst GVD, Langenhove HV, 
Hellweg S, Huijbregts MAJ (2007) Cumulative exergy extraction 
from the natural environment (CEENE): a comprehensive life cycle 
impact assessment method for resource accounting. Environ Sci 
Technol 41(24):8477-8483 

Dewulf J, Van Langenhove H, Muys B, Bruers S, Bakshi BR, Gmbb GF, 
Sciubba E (2008) Exergy: its potential and limitations in environ¬ 
mental science and technology. Environ Sci Technol 42(7):2221- 
2232 

Dicorato M, Forte G, Trovato M (2008) Environmental-constrained 
energy planning using energy-efficiency and distributed-generation 
facilities. Renew Energ 33(6): 1297-1313 
Dincer I (2000) Renewable energy and sustainable development: a crucial 
review. Renew Sust Energ Rev 4(2): 157-175 
Dincer I, Cengel YA (2001) Energy, entropy and exergy concepts and 
their roles in thermal engineering. Entropy 3(3): 116-149 
Dincer I, Rosen MA (1999) Energy, environment and sustainable devel¬ 
opment. Appl Energ 64( 1 4):427—440 
Dincer I, Rosen MA (2004) Exergy as a driver for achieving sustainabil¬ 
ity. Int J Green Energy 1 (1): 1—19 

Doran JW (2002) Soil health and global sustainability: translating science 
into practice. Agric Ecosyst Environ 88(2): 119-127 
Dovi VG, Friedler F, Huisingh D, Klemes JJ (2009) Cleaner energy for 
sustainable future. J Clean Prod 17(10):889—895 
Duic N, da Graga Carvalho M (2004) Increasing renewable energy 
sources in island energy supply: case study Porto Santo. Renew 
Sust Energ Rev 8(4):383-399 

Ecoinvent (2011) Final ecoinvent v2.2 no. 3. Swiss centre for life cycle 
inventories. Diibendorf, Switzerland 
Eltawil MA, Zhao Z (2010) Grid-connected photovoltaic power systems: 
technical and potential problems—a review. Renew Sust Energ Rev 
14(1):112-129 

Energy Information Administration, EIA (2013) International Energy 
Outlook 2013. Report Number: DOE/EIA-0484(2013). Release 
Date: July 25, 2013. http://www.eia.gov/forecasts/ieo/index.cfm. 
Accessed 18 Oct 18 2013 

European Commission-Joint Research Centre-Institute for Environment 
and Sustainability (2010) International Reference Life Cycle Data 
System (ILCD)—documentation of LCA data sets. Version 1,2010. 
EUR 24381 EN. Luxembourg. Publications Office of the European 
Union 

Finnveden G, Moberg A (2005) Environmental systems analysis tools— 
an overview. J Clean Prod 13(12): 1165-1173 
Finnveden G, Ostlund P (1997) Exergies of natural resources in life-cycle 
assessment and other applications. Energy 22(9):923-931 
Fthenakis VM (2003) Overview of potential hazards. Practical handbook 
of photovoltaics: fundamentals and applications 2:1-14 
Fthenakis VM, Kim HC (2011) Photo voltaics: life-cycle analyses. Sol 
Energy 85(8)4609-1628 

Georgakellos DA (2012) Climate change external cost appraisal of elec¬ 
tricity generation systems from a life cycle perspective: the case of 
Greece. J Clean Prod 32:124-140 

Giljum S, Burger E, Hinterberger F, Lutter S, Bruckner M (2011) A 
comprehensive set of resource use indicators from the micro to the 
macro level. Resour Conserv Recy 55(3):300-308 


Springer 




1730 


Int J Life Cycle Assess (2014) 19:1716-1732 


Glavic P, Lukman R (2007) Review of sustainability terms and their 
definitions. J Clean Prod 15(18): 1875—1885 
Goetzberger A, Luther J, Willeke G (2002) Solar cells: past, present, 
future. Sol Energ Mat Sol C 74(1): 1-11 
Goetzberger A, Hebling C, Schock HW (2003) Photovoltaic materials, 
history, status and outlook. Mat Sci Eng R 40(1): 1-46 
Gong M, Wall G (1997) On exergetics, economics and optimization of 
technical processes to meet environmental conditions 403-413. In: 
Ruixian C et al (ed) thermodynamic analysis and improvement of 
energy systems. Beijing World, Beijing 
Gonzalez A, Sala JM, Flores I, Lopez LM (2003) Application of 
thermoeconomics to the allocation of environmental loads in the 
life cycle assessment of cogeneration plants. Energy 28(6):557-574 
Granovskii M, Dincer I, Rosen MA (2008) Exergy and industrial ecolo¬ 
gy: an application to an integrated energy system. Int J Exergy 5(1): 
52-63 

Gmbb GF, Bakshi BR (2011) Life cycle of titanium dioxide nanoparticle 
production. J Ind Ecol 15(1):81—95 

Guinee JB (2002) Handbook on life cycle assessment operational guide 
to the ISO standards. Int J Life Cycle Assess 7(5):311—313 
Hacatoglu K, Dincer I, Rosen MA (2011) Exergy analysis of a hybrid 
solar hydrogen system with activated carbon storage. Int J Hydrogen 
Energ 36(5):3273-3282 

Hammond GP, Stapleton AJ (2001) Exergy analysis of the United 
Kingdom energy system. P I Mech Eng A-J Pow 215(2): 141-162 
Hammond GP, Harajli HA, Jones Cl, Winnett AB (2012) Whole systems 
appraisal of a UK Building Integrated Photovoltaic (BIPV) system: 
energy, environmental, and economic evaluations. Energ Policy 40: 
219-230 

Hepbasli A (2008) A key review on exergetic analysis and assessment of 
renewable energy resources for a sustainable future. Renew Sust 
Energ Rev 12(3):593-661 

Hertwich EG (2005) Life cycle approaches to sustainable consumption: a 
critical review. Environ Sci Technol 39( 13):4673 4684 
Himpe E, Trappers L, Debacker W, Delghust M, Laverge J, Janssens A, 
Moens J, Van Holm M (2013) Life cycle energy analysis of a zero- 
energy house. Build Res Inf 41(4)435^149 
Hinterberger F, Luks F, Schmidt-Bleek F (1997) Material flows vs. 
‘natural capital’: what makes an economy sustainable? Ecol Econ 
23(1): 1—14 

Hojer M, Ahlroth S, Dreborg KH, Ekvall T, Finnveden G, Hjelm O, 
Hochshomer E, Nilsson M, Palm V (2008) Scenarios in selected tools 
for environmental systems analysis. J Clean Prod 16(18): 1958-1970 
Hoppecke Batterien (2014) Hoppecke HOPzS, Stationary lead acid bat¬ 
teries. www.electricsystems.co.nz/documents/HOPzS-Brochure. 
pdf. Accessed 20 May 2014 

Hoque MR, Mendez GV, Peiro LT, Huguet TV (2012) Energy intensity of 
the Catalan construction sector. J Ind Ecol 16(5):699-709 
Hutchins MJ, Sutherland JW (2008) An exploration of measures of social 
sustainability and their application to supply chain decisions. J Clean 
Prod 16(15): 1688-1698 

Ignatenko O, Van Schaik A, Reuter MA (2007) Exergy as a tool for 
evaluation of the resource efficiency of recycling systems. Miner 
Eng 20(9):862-874 

International Organization for Standardization (2006) ISO 14040:2006— 
Environmental Management—Life Cycle Assessment—Principles 
and Framework. Geneva 

Ito M, Kudo M, Nagura M, Kurokawa K (2011) A comparative study on 
life cycle analysis of 20 different PV modules installed at the Hokuto 
mega-solar plant. Prog Photovolt Res Appl 19(7):878—886 
Jeswani HK, Azapagic A, Schepelmann P, Ritthoff M (2010) Options for 
broadening and deepening the LCA approaches. J Clean Prod 18(2): 
120-127 

Joshi AS, Tiwari A (2007) Energy and exergy efficiencies of a hybrid 
photovoltaic-thermal (PV/T) air collector. Renew Energ 32(13): 
2223-2241 


Joshi AS, Dincer I, Reddy BV (2009) Performance analysis of photovol¬ 
taic systems: a review. Renew Sust Energ Rev 13(8): 1884—1897 
Khasreen MM, Banfill PF, Menzies GF (2009) Life-cycle assessment and 
the environmental impact of buildings: a review. Sustainability 1(3): 
674—701 

Kiker GA, Bridges TS, Varghese A, Seager TP, Linkov I (2005) 
Application of multicriteria decision analysis in environmental de¬ 
cision making. Integrated Environ Assess Manag 1 (2):95—108 
Kikuchi R (2001) Recycling of municipal solid waste for cement produc¬ 
tion: pilot-scale test for transforming incineration ash of solid waste 
into cement clinker. Resour Conserv Recy 31(2): 137-147 
Klopffer W (2003) Life-cycle based methods for sustainable product 
development. Int J Life Cycle Assess 8(3): 157-159 
Koroneos C, Tsarouhis M (2012) Exergy analysis and life cycle assess¬ 
ment of solar heating and cooling systems in the building environ¬ 
ment. J Clean Prod 32:52-60 

Koroneos C, Spachos T, Moussiopoulos N (2003) Exergy analysis of 
renewable energy sources. Renew Energ 28(2):295-310 
Koroneos C, Dompros A, Theodosiou G, Roumbas G, Moussiopoulos N 
(2005a) ECOSMEs—a tool for the implementation of integrated 
product policy in small to medium-sized enterprises 124. In: 
Technical Chamber of Greece (ed.), Proceedings of the 5th 
International Exhibition and Conference on Environmental 
Technology (CD-ROM edition), Heleco’05. Athens 
Koroneos C, Roumbas G, Moussiopoulos N (2005b) Exergy analysis of 
cement production. Int J Exergy 2(1):55-68 
Koroneos C, Stylos N, Moussiopoulos N (2006a) LCA of 
multicrystalline silicon photovoltaic systems—part 1: present situa¬ 
tion and future perspectives. Int J Life Cycle Assess 11 (2): 129-136 
Koroneos C, Stylos N, Moussiopoulos N (2006b) LCA of 
multiciystalline silicon photovoltaic systems—part 2: application 
on an island economy. Int J Life Cycle Assess 11 (3): 183-188 
Kruyt B, van Vuuren DV, De Vries HJM, Groenenberg H (2009) 
Indicators for energy security. Energ Policy 37(6):2166-2181 
Kyocera Corporation (2013) http://www.global.kyocera.com. Accessed 
19 Oct 2013 

Lave LB, Cobas-Flores E, Hendrickson CT, McMichael FC (1995) Using 
input-output analysis to estimate economy-wide discharges. Env Sci 
Tec 29:420-426 

Liao W, Heijungs R, Huppes G (2012) Thermodynamic analysis of 
human-environment systems: a review focused on industrial ecolo¬ 
gy. Ecol Model 228:76-88 

Lior N (2008) Energy resources and use: the present situation and 
possible paths to the future. Energy 33(6):842-857 
Lior N, Zhang N (2007) Energy, exergy, and second law performance 
criteria. Energy 32(4):281-296 

Lombardi L (2003) Life cycle assessment comparison of technical solu¬ 
tions for C0 2 emissions reduction in power generation. Energ 
Convers Manage 44(1):93—108 

Ludovisi A, Roselli L, Basset A (2012) Testing the effectiveness of 
exergy-based tools on a seasonal succession in a coastal lagoon by 
using a size distribution approach. Ecol Model 245:125-135 
Luque A, Hegedus S (Eds) (2011) Handbook of photovoltaic science and 
engineering. John Wiley & Sons, West Sussex 
Mateos-Espejel E, Savulescu L, Marechal F, Paris J (2011) Base case 
process development for energy efficiency improvement, applica¬ 
tion to a Kraft pulping mill. Part II: benchmarking analysis. Chem 
Eng Res Des 89(6):729-741 

Medyna G, Nordlund H, Coatanea E (2009) Study of an exergy method for 
environmental evaluation assessment in the early design phase using 
comparative LCA and exergy approach. Int J Des Eng 2(3):320-345 
Midilli A, Dincer I, Ay M (2006) Green energy strategies for sustainable 
development. Energ Policy 34(18):3623-3633 
Mirandola A, Stoppato A, Tonon S (2010) An integrated approach to the 
assessment of energy conversion plants. Int J Thermodynamics 3(3): 
111-119 


<£) Springer 




Int J Life Cycle Assess (2014) 19:1716-1732 


1731 


Mont OK (2002) Clarifying the concept of product-service system. J 
Clean Prod 10(3):23 7-245 

Morris DR, Szargut J (1986) Standard chemical exergy of some elements 
and compounds on the planet earth. Energy 11 (8):733—755 
Ness B, Urbel-Piirsalu E, Anderberg S, Olsson L (2007) 
Categorising tools for sustainability assessment. Ecol Econ 
60(3):498—508 

Nowlan MJ, Murach JM, Sutherland SF, Miller DC, Moore SB, Hogan SJ 
(2005) Development of automated production line processes for 
solar brightfield modules. National Renewable Energy Laboratory 
Subcontract Report NREL/SR-520-36608 
Omer AM (2008) Energy, environment and sustainable development. 

Renew Sust Energ Rev 12(9):2265-2300 
Oxley T, ApSimon HM (2007) Space, time and nesting integrated 
assessment models. Environ Modell Softw 22(12): 1732-1749 
Panwar NL, Kaushik SC, Kothari S (2011) Role of renewable energy 
sources in environmental protection: a review. Renew Sust Energ 
Rev 15(3): 1513-1524 

Pauluis O, Held IM (2002) Entropy budget of an atmosphere in radiative- 
convective equilibrium. Part E maximum work and frictional dissi¬ 
pation. J Atmos Sci 59(2): 125-139 

Pepermans G, Driesen J, Haeseldonckx D, Belmans R, D’haeseleer W 
(2005) Distributed generation: definition, benefits and issues. Energ 
Policy 33(6):787-798 

Raman V, Tiwari GN (2009) A comparison study of energy and exergy 
performance of a hybrid photovoltaic double-pass and single-pass 
air collector. Int J Energ Res 33(6):605-617 
Rebitzer G, Ekvall T, Frischknecht R, Hunkeler D, Norris G, Rydberg T, 
Schmidt W-P, Suh S, Weidema BP, Pennington DW (2004) Life 
cycle assessment: Part 1: framework, goal and scope definition, 
inventory analysis, and applications. Environ Int 30(5):701-720 
Reis S, Nitter S, Friedrich R (2005) Innovative approaches in integrated 
assessment modelling of European air pollution control strategies- 
implications of dealing with multi-pollutant multi-effect problems. 
Environ Modell Softw 20(12): 1524—1531 
Richards BS, Watt ME (2007) Permanently dispelling a myth of photo- 
voltaics via the adoption of a new net energy indicator. Renew Sust 
Energ Rev 11(1): 162—172 

Rosen MA, Dincer I (2001) Exergy as the confluence of energy, envi¬ 
ronment and sustainable development. Exergy Int J 1 (1):3—13 
Rosen MA, Dincer I, Kanoglu M (2008) Role of exergy in increasing 
efficiency and sustainability and reducing environmental impact. 
Energ Policy 36(1): 128-137 

Rydh CJ, Sanden BA (2005) Energy analysis of batteries in photovoltaic 
systems. Part II: energy return factors and overall battery efficien¬ 
cies. Energ Convers Manage 46(11): 1980-2000 
Samaras C, Meisterling K (2008) Life cycle assessment of greenhouse 
gas emissions from plug-in hybrid vehicles: implications for policy. 
Environ Sci Technol 42(9):3170-3176 
Schlueter A, Thesseling F (2009) Building information model based 
energy/exergy performance assessment in early design stages. 
Automat Constr 18(2): 153-163 

Sciubba E (2012) An exergy-based ecological indicator as a measure of 
our resource use footprint. Int J Exergy 10(3):239-266 
Sciubba E, Ulgiati S (2005) Emergy and exergy analyses: complementary 
methods or irreducible ideological options? Energy 30(10): 1953— 
1988 

Sims RE, Rogner HH, Gregory K (2003) Carbon emission and miti¬ 
gation cost comparisons between fossil fuel, nuclear and renew¬ 
able energy resources for electricity generation. Energ Policy 
31(13):1315—1326 

SMA Solar Technology AG (2013) http://www.files.sma.de/dl/15986/ 
SC500MV-1600MV-DEN114310W.pdf. Accessed Oct 14 2013 
Soufi MG, Fujii T, Sugimoto K, Asano H (2004) A new Rankine cycle 
for hydrogen-fired power generation plants and its exergetic effi¬ 
ciency. Int J Exergy 1(1):29^46 


Steen BA (2006) Abiotic resource depletion different perceptions 
of the problem with mineral deposits. Int J Life Cycle Assess 
11 (1 ):49—54 

Stoppato A (2008) Life cycle assessment of photovoltaic electricity 
generation. Energy 33(2):224—232 

Struble L, Godfrey J (2004) How sustainable is concrete? 201 - 
211. In: Wang K (ed) Technology Center for Transportation 
Research and Education, Iowa State University. Proceedings 
of the International Workshop on Sustainable Development 
and Concrete. Beijing 

Stylos N, Koroneos C (2014) Carbon footprint of polycrystalline photo¬ 
voltaic systems. J Clean Prod 64:639-645 
Swanson RM (2006) A vision for crystalline silicon photovoltaics. Prog 
Photovoltaics Res Appl 14(5):443^453 
Szargut J (2005) Exergy method: technical and ecological applications 
(Vol. 18). WIT press 

Szargut J, Morris DR, Steward FR (1998) Exergy analysis of thermal, 
chemical and metallurgical processes. Hemisphere Publishing 
Corporation, New York, USA 

Szargut J, Valero A, Stanek W, Valero A (2005) Towards an international 
reference environment of chemical exergy. Technical paper. Elsevier 
Science Publishers, Netherlands 

Tai S, Matsushige K, Goda T (1986) Chemical exergy of organic matter 
in wastewater. Int J Environ Stud 27(3):301—315 
Talens Peiro L, Lombardi L, Villalba Mendez G, Gabarrell i Durany X 
(2010) Life cycle assessment (LCA) and exergetic life cycle assess¬ 
ment (ELCA) of the production of biodiesel from used cooking oil 
(UCO). Energy 35(2):889-893 

Tiwari A, Dubey S, Sandhu GS, Sodha MS, Anwar SI (2009) Exergy 
analysis of integrated photovoltaic thermal solar water heater under 
constant flow rate and constant collection temperature modes. Appl 
Energ 86(12):2592-2597 

Tiwari GN, Mishra RK, Solanki SC (2011) Photovoltaic modules and 
their applications: a review on thermal modelling. Appl Energ 88(7): 
2287-2304 

Toxopeus ME, Lutters E, van Houten FJAM (2006) Environmental 
indicators & engineering: an alternative for weighting factors 75- 
80. In: Duflou JR, Dewulf W, Willems B, Devoldere T (eds) 
Proceedings of the 13th CIRP International Conference on Life 
Cycle Engineering - LCE 2006. Catholic University of Leuven, 
Leuven 

U.S. Department of Energy (2008) Hydrogen analysis resource center, 
U.S. Department of Energy, USA http://www.hydrogen.pnl.gov/ 
filedownloads/hydrogen/datasheets/lower_and_higher_heating_ 
values.xls. Accessed 18 Oct 2013 

Van Marrewijk M (2003) Concepts and definitions of CSR and corporate 
sustainability: between agency and communion. J Bus Ethics 44(2- 
3):95—105 

Vitousek PM, Mooney HA, Lubchenco J, Melillo JM (1997) Human 
domination of Earth's ecosystems. Science 277(5325):494^499 
von Blottnitz H, Curran MA (2007) A review of assessments conducted 
on bio-ethanol as a transportation fuel from a net energy, greenhouse 
gas, and environmental life cycle perspective. J Clean Prod 15(7): 
607-619 

von Gleich A (2006) Outlines of a sustainable metals industry. In: 

Sustainable metals management (pp. 3-39). Springer Netherlands 
Wall G (2001) Exergetics, in EOLSS our fragile world. EOLSS 
Publishers, Oxford 

Weisser D (2007) A guide to life-cycle greenhouse gas (GHG) emissions 
from electric supply technologies. Energy 32(9): 1543-1559 
Wolfram C, Shelef O, Gertler PJ (2012) How will energy demand 
develop in the developing world? (No. wl7747). National Bureau 
of Economic Research, Cambridge, MA. http://www.nber.org/ 
papers/w 17747. Accessed 18 Oct 2013 
Wrisberg N, Udo de Haes HA, Triebswetter U, Eder P, Clift R (2002) 
CHAINET-analytical tools for environmental design and 


Springer 



1732 


Int J Life Cycle Assess (2014) 19:1716-1732 


management in a systems perspective. Kluwer Academic 
Publishers, Dordrecht, Netherlands 

Yang H, Lu L, Zhou W (2007) A novel optimization sizing model for 
hybrid solar-wind power generation system. Sol Energy 81(1):76— 
84 

Yilanci A, Ozturk HK, Dincer I, Ulu EY, Cetin E, Ekren O 
(2011) Exergy analysis and environmental impact assessment 


of a photovoltaic-hydrogen production system. Int J Exergy 
8(2):227-246 

Yildiz A, Giingor A (2009) Energy and exergy analyses of space heating 
in buildings. Appl Energ 86(10): 1939-1948 
Zhou W, Lou C, Li Z, Lu L, Yang H (2010) Current status of research on 
optimum sizing of stand-alone hybrid solar-wind power generation 
systems. Appl Energ 87(2):380-389 


4^ Springer 



